Our objective was to establish an immunohistological me-thod for analysis of chimerism in mouse chimeras at embryonic stages with an anti-C3H strain-specific antigen (CSA) antibody. We developed an effective new method to retain CSA antigeniaty with good morphology ofembrponic tissues by using mi -irradiation (MWQ for p i h i o n , %YO ethaaoll 1% aceuc aad as post-fixative solution, and polyestet wax as embedding material. We used a biotinylated mouse monoclonal anti-CSA antibody, peroxidase-avidin, and silver amplifcation. These procedures were successful in demonstrating the chimerisms in various tissues of C3H-Balbk chimeras at cent embryonic stages and postnatal days. In chimeras at Days 7 and 7.5 post coitum (P.c.), both genotypes were clearly identifed and well intermingling in every embryonic tissue (embryonic ectoderm, mesoderm, extra-embryonic ectoderm, ectoplacental cone, amnion, and chorion). Chimerisms at Day 14.5 p.c. were also clearly observed in mesencephalon, neural retina, spinal cord, lung, kidney, and liver. We concluded that the present immunohistological procedures for analysis of chimerism during embryonic periods will give us insightful infounation about dynamic histological changes such as cell proliferation, migration, selection, and death during organogenesis. (J Hisrochem Cytochem 41: 1583-1590, 1993) KEY WORDS: Mouse chimera; Mosaicism; Cell lineage; Early embryo; Anti-C3H strain-specific antigen antibody; Microwave; Polyester wax; Silver amplification.
Introduction
Experimental chimeras have been used as uniquely suitable material in the field of experimental embryology and developmental genetics (9). The methods to make experimental chimeras by aggregating two embryos or injecting embryonic cells into other embryos were established in the 1960s (>$). However, there have been only several suitable cell markers to distinguish one chimera component from the other in situ on histological sections. Few of these cell markers fulfill criteria proposed previously for an ideal histological marker molecule (9).
Recently, a mouse antibody which recognizes C3H strain-specific antigen (CSA) has been developed for analysis of chimeric tissues. This marker has been used successfully to detect C3H strain-derived cells on histological sections of various tissues from adult C3H-BALBIc aggregation chimeras (7) . For further understanding of mammalian development by using experimental chimeras, it should be required to investigate chimerisms from early embryonic stages. As reported previously (7), the CSA antigenicity was very sensitive to cross-linking fixatives, such as formaldehyde. In our preliminary experiments, it was very difficult to preserve the CSA antigenicity, when the tissues were merely immersed in any fixatives. So far, CSA antigenicity with acceptable histology has been achieved only when tissues were fixed with ice cold 95 % ethanol containing 1% acetic acid by cardiac perfusion (7) . Howwet, this fixation method was not applicable to embryos in utero. In order to overcome this problem, we have attempted to establish a new fixation methodology by using microwave irradiation (MWI). Several recent studies have reported about advantages to use of MWI for histology and immunohistochemistry (1,12,14) .
The purpose of this study was to establish an immunohistological method for analysis of chimerism during embryonic periods by using anti-CSA antibody. As results, we have successfully developed a suitable methodology by using the following combinations, MWI as pre-fixation, 95% ethanol containing 1% acetic acid as post-fixative solution, and polyester wax embedding.
Materials and Methods
Animals. C3HlHeN (C3H) Charles River Japan; Atsugi, Kanagawa, Japan), BalblcA (BALBlc), (CLEA; Meguro-ku, Tokyo, Japan), and Crj:CD-1 (CD-1) (Charles River Japan) mouse strains were purchased as specific pathogen-free animals and maintained at room temperature of 24 f 1' C under filtered air and light control (12-hr light, 12-hr dark) in the animal facility of RIKEN, Life Science Zukuba Research Center. All mice were given standard diet and water ad libitum. Female C3H and Balblc were paired with males of the same strains overnight and examined for the presence of vaginal plugs the following morning. The day when vaginal plugs were detected was designated as Day 0 post coitum (P.c.). For embryonic tissue specimens, C3H and Balblc embryos were obtained by cesarean section at Days 6-17 p.c. For adult tissues, C3H and Balblc mice were used at 2 months of age. CD-1 females were used as recipients for embryo transfer in chimera experiments. All animal experiments in this study were performed according to guidelines ofthe committee ofthe Life Science Tsukuba Research Center for care and use of laboratory animals.
Aggregation Chimeras. Aggregation chimeras were produced between C3H and Balblc according to the method described previously (14). Briefly, eight-cell stage Day 2 p.c. embryos ofthe two strains were collected by flushing the oviduct and zona pellucidae were removed by pronase digestion. A pair of embryos of each genotype were aggregated in M2 medium (5) containing 5 pllml phytohemagglutinin-P (PHA-P) (Difco; Detroit, MI). After 24-hr culture in M16 medium (5) the aggregated embryos were surgically transferred into the uterus of Day 2 p.c. pseudopregnant CD-1 recipients. Pregnant recipients were sacrificed on Day 7 or 14 p.c. and embryos removed for tissue processing. Embryonic development stage was assessed as described by Theiler (16) . Overt coat color chimeras were also sacrificed on postnatal Day 10 or 60. More than five chimeras were observed at each age.
Cardiac Perfusion. Under deep ether anesthesia, cardiac perfusion was performed according to a previous study (7) . Briefly, the right atrium and vena cava were cut to bleed and the animals were perfused with 30 ml of ice-cold 95 % ethanol containing 1% acetic acid (ethanollacetic acid). The perfused tissues were removed, trimmed into small pieces less than 5 mm thick, and immersion-fixed in ice-cold ethanollacetic acid for 2 hr. The fixed tissues were finally dehydrated with 100% ethanol, embedded in polyester wax, and sectioned at 4 pm thick according to Kusakabe's method (6) .
Microwave Irradiation (MWI) for Tissue Fixation. We used a microwave oven (Bio-Rad H2500 microwave processor; Richmond, CA) and a total irradiation time of 20 min. In the setup mode, the following parameters were programmed: set processing temperature (SP) 40'C proportional band (PB) 1%; integral time constant, 2 min; derivative time constant (Rate) 0.00 sec; power max. 60% of full power; cycle time, 2 sec; alarm -1'c. Preliminary data showed that MWI alone without post-fixation was not sufficient to preserve tissue morphology. However, MWI followed by post-fixation with various fixative solutions. including buffered neutral 10% formalin, 4% paraformaldehyde (PFA 0.1 M Na-phosphate buffer, pH 7.4), and ethanollacetic acid was quite effective for preservation of morphology of various tissues. We then examined the following different MWI treatments for tissue fixation in comparison with conventional fixation with ethanollacetic acid by cardiac perfusion: (a) MWI alone; tissues were treated by MWI in Na-phosphate buffer without post-fixation; (b) MWI + post-fixation with ethanol/acetic acid; tissues were treated by MWI in Na-phosphate buffer, then immersed in ice-cold ethanollacetic acid for 5 hr; and (c) MWI + post-fmtion with PFA; tissues were treated by MWI in Na-phosphate buffer, then immersed in ice-cold 4% PFA for 2 hr.
Adult tissues were cut into small pieces less than 5 mm thick. Embryos at Days 6-13 P.C. were irradiated in utero. For advanced stages, embryos were treated after removing from the uterus. Tissues were placed in 0.1 M Na-phosphate buffer (pH 7.4) at room temperature (RT) in a 5O-ml glass beaker. Total weight of tissues and the buffer was adjusted to 50 g. Tissues were then irradiated in the microwave oven. During irradiation the suspension buffer was gently agitated by blowing the air to uniformly distribute the temperature. After MWI. tissues fixed with ethanollacetic acid were dehydrated with 100% ethanol. PFA-fixed tissues were rinsed with Na-phosphate buffer at 4°C overnight and then dehydrated with a graded ethanol series. The tissues were finally dehydrated with 100% ethanol, embedded in polyester wax, and sectioned at 4 pm thickness (6) .
Immunostaining for CSA. Sections on glass slides were dewaxed with three changes of 100% ethanol, then placed in methanol containing 0.6% H202 and 0.2% Na-azide for 1 hr at RT to inactivate endogenous peroxidase activity. Slides were washed three times in %is-HC1-buffered saline (TBS 7.6; 20 mM Tris-HC1, l5OmM NaCI, pH 7.6) containing 0.05% (vlv) Tween 20 (Tween). Sections were incubated with avidin and biotin blocking solutions (Vector; Burlingame, CA) diluted 1:l with 0.5% fish gelatin in TBS for 20 min each to block endogenous biotin at RT. Slides were washed three times for 10 min in ice-cold TBS 7.6lTween. Sections were then incubated with biotinylated mouse monoclonal anti-CSA antibody diluted with 0.5 % fish gelatin in TBS 7.6 at a final concentration of 10 pglml overnight at RT. After rinsing with ice-cold TBS 7.6lTween three times for 10 min, sections were incubated with horseradish peroxidase (W)-conjugated avidin (Zymed; Burlingame, CA) diluted 1:200 with 0.5% fish gelatin in TBS 8 (20 mM %is-HC1, 300 mM NaC1, pH 8) for 20 min at RT. Subsequently, slides were washed with ice cold TBSlTween three times for 10 min. HRP enzyme activity was developed with 0.27 mglml 3,3'-diaminobenzidine hydrochloride (DAB) (DOJIN Kumamoto, Japan) in 50 mM Tris-HC1 (pH 7.6) containing 0.0088% (vlv) H202 for 1 min at RT. Slides were washed in distilled water (DW).
Silver Amplification. Silver amplification was performed according to previous reports (2.3). Sections stained with anti-CSAIHRP-avidinlDAB were incubated in 0.1% (wlv) gold chloride solution for 5 min and washed 6 These data revealed only the CSA antigenicity; other antigens were very well preserved (see Discussion). in DW for 5 min. The slides were incubated in neutralized 2.5% (wlv) sodium sulfide adjusted to pH 7.4 with 1 M HCI for 5 min at RTand rinsed with DW. Silver was then precipitated at the sites of chemically modified DAB deposition by incubating the slides in the developer for 1 min at RT.
The final concentration of the constituents of this developer were 20.8% (wlv) sodium carbonate, 0.1% (wlv) ammonium nitrate, 0.1% (wlv) silver nitrate. 0.5% dodecatungstosilicic acid, and 1.8 pl/ml35% formaldehyde. Silver precipitation reaction was stopped in 1% acetic acid for 1 min and fixed in 1% sodium thiosulfate for 3 min. Finally, slides were washed with DW. counterstained with hematoxylin and eosin (HE), dehydrated through an ethanol series, and mounted in Malinol (Muto Pure Chemical; Bunkyo-ku, Tokyo, Japan). The specimen slides were examined and photographed with a light microscope (Nikon, Microphot-FXA).
Controls for
Immunostaining. When tissue sections of C3H and Balblc were immunostained for CSA, control sections were incubated with the diluent instead of the primary antibody. In chimera experiments, sections of adult C3H and Balblc tissues (liver, kidney, and small intestine) were also immunostained for CSA to confirm the strain specificity of the primary antibody.
EfJect of M W I for Tissue Fixation
The effects of MWI treatment on preservation of tissue morphol-r ?
: 9' ogy and antigenicity of CSA were examined in three different conditions of MWI treatments, in comparison with conventional fixation by cardiac perfusion. Tissue sections of liver, kidney, small intestine, testis, and brain from adult C3H and Balblc were stained with HE for tissue morphology and immunostained with anti-CSA for preservation of the antigenicity. These results are summarized in Table 1 . With cardiac perfusion acceptable tissue morphology was obtained in all tissues and CSA antigenicity was well preserved. The results were consistent with those previously reported (7) . Tissues irradiated by microwave in Na-phosphate buffer became somewhat harder than untreated tissues. (a) In tissue sections treated by MWI alone preservation of tissue morphology was inferior to that of other treatments. We noted poorly stained cytoplasm in every tissue, dispersal of hepatocytes, and erythrolysis in blood vessels. CSA antigenicity was detectable only in liver and kidney. The immunostaining was much weaker than that in cardiac-perfused tissues. (b) In contrast, MWI followed by post-fixation with ethanollacetic acid gave a good tissue morphology in all the tissues, except for nuclear morphology. CSA antigenicity was also well preserved in all the examined tissues. (c) Tissue morphology after MWI followed by post-fixation with PFA was superior to that of the other fiuations. but CSA antigenicity was completely blocked. In each treatment, Balblc tissues were morphologically similar to that of C3H and were completely negative after incubation with the anti-CSA antibody, as well as C3H tissues incubated with the diluent. These results indicated that the MWI treatment followed by post-fixation with ethanollacetic acid was applicable to adult tissues for immunostaining of CSA.
Microwave Irradiation Fixation for Embryonic Tirsues
Embryos up to Day 12 p.c. were susceptible to agitation of the suspension buffer by air bubbling and occasionally were damaged during MWI. Therefore, embryos up to Day 13 p.c. were irradiated in utero. With irradiation at 60% power. 40°C for 20 min, tissue morphology and antigenicity were well preserved in embryonic tissues from Days 6 to 17 p.c. Figures 1A and 1B show immunohistological staining of CSA in C3H and Balblc embryos at Day 9 P.c., respectively. All embryonic tissues were positively stained in C3H embryos ( Figure 1A ) in contrast to Balblc ( Figure 1B ). All cells of C3H embryos were marked with black precipitates of silver grains in the cytoplasm ( Figure IC) , whereas there was no silver precipitation in Balbk cells ( Figure ID) . Control sections of C3H and Balblc were both negative in all tissues. These data showed that MWI followed by post-fixation with ethanollacetic acid may also be applicable to embryonic tissues for immunohistochemistry of CSA.
Immunohistological Observation of Chimerism in C3H*Balb/c Aggregation Chimeras During Embryonic Stages
Aggregation chimeras between C3H and Balblc were examined at Days 7, 7.5, and 14.5 p.c. In these stages, cells with black dots in the cytoplasm were easily identified in various tissues. Immunohistological staining of chimerism with anti-CSA in C 3 H~B a l b l c at Day 7 p.c. revealed that both genotypes were intermingled in embryonic ectoderm, mesoderm, amnion, proximal endoderm, squamous endoderm, ectoplacental cone, and chorion. Representative views of this stage are shown in Figures 2A and 2B . Immunohistological staining of a chimera at Day 7.5 p.c. revealed that a blood island ( Figure 2C ) was composed of both genotypes. Figures  3A-3F show CSA-stained mesencephalon, retina, spinal cord, lung, kidney, and liver of Day 14.5 p.c. chimeras. In the mesencephalon and retina, the CSA-positive cells were arranged in radial patches ( Figures 3A and 3B, respectively) , reflecting the pattern of cell proliferation of pseudostratified neuroepithelium. Chimerism was also clearly demonstrated in the neurons of the anterior horn and dorsal root ganglion cells ( Figure 3C ). Cell origin of the embryonic lung epithelial and mesenchymal cells was also distinguishable (Figure 3D) . In kidney, the polyclonal origin of collecting tubes, glomerulus, and mesenchymal cells was demonstrated ( Figure 3E ). The cell genotypes in the liver were also clearly identified ( Figure  3F ). In control all types of C3H cells were positively stained, but Balbk tissues were totally negative.
Chimerism at Postnatal Days
The present procedures were also successfully applied to trace cell genotypes in various tissues of postnatal chimeras as shown in Figures  4A-4D . The vestibular nucleus of a chimera's brain at postnatal Day 10 was composed of neurons derived from both C3H and Balbk ( Figure 4A ). In the small intestine at postnatal Day 60, a number of intestinal crypts were composed of either positive or negative cells. On the other hand, we found intestinal villi composed of both positive and negative cells ( Figure 4B ). In kidney, uriniferous tubules were formed of both genotypes ( Figure 4C ). In liver, CSApositive hepatocytes were detected as patches of various sizes (Figure 4D ). These staining patterns in postnatal chimeras were consistent with those reported previously (7) . (7). the immunohistological detection system with anti-CSA antibody may fulfill all these criteria. However, chimerism had been examined only in adult chimeras because of lack of an effective fixation method for embryos. The present study clearly showed that an anti-CSA antibody can be used to demonstrate chimerism during intrauterine stages. The procedures used in this study were composed of the following three parts: (a) h4WI as pre-fixation followed by ethanoUacetic acid as post-fixative solution and embedding in polyester wax; (b) staining with biotinylated mouse monoclonal anti-C3H strain-specific antigen antibody; and (c) HRP-avidin and DAB/gold/silver amplification staining. This system was successfully applied to various tissues from all developmental stages.
Discussion
In the present aggregation method, a pair of genetically different embryos were attached to each other with PHA-P. Therefore, genetically different cells can be spatially separated by a distinct border at the time of aggregation. However, soon after implantation we observed an intermingled pattem in all embryonic tissues of Day 7 p.c. chimeras (Figures 2A and 2B ). From these observations we can speculate that cell proliferation and mixing may actively occur during early embryogenesis. The present data clearly showed that a blood island at Day 7.5 p.c. was composed of two genotypes ( Figure 2C) . In mice the blood islands first appeared in 7.5 p.c. embryos (16) . The mechanism of formation of the blood islands has been studied experimentally only in vitro in chick (10,ll). Our data suggest that a blood island is formed by different clonal cell populations, but not by progeny of a single clone in mice. In the neural tissues of Day 14.5 P.c., CSA-positive cells were detected as radial cell clusters ( Figure 3A ). In the previous report (7), both positive and negative cells were intermingled in adult brain. Such changes in chimeric pattem may reflect active cell movement during neural tissue morphogenesis.
On the other hand, the present fixation method was also successfully applied to localize various kinds of antigens, such as c-kit gene product (13,15), testicular germ cell stage-specific antigens (18), various neuronal cell markers (MAP2, tau, neurofilaments, and synaptophysin), glial fibrillary acidic protein, mouse tenascin, and laminin. Both the antigenicity of these molecules and tissue morphology were also well preserved by PFA after MWI. Therefore, the CSA may be much more sensitive to the cross-linking fixatives in comparison with those other antigens. Moreover, in vivo bromodeoxyuridine (BrdU) incorporation can mark proliferating cells and the incorporated BrdU can be detected immunohistologically as described in previous studies (4,17,18 ). From these immunohistological data, this method makes it possible to observe chimerism, cell proliferation, cell differentiation, and cell-cell interactions on the same or neighboring sections.
Further studies indicated that the CSAs are located in the cytoplasm, probably in mitochondria and that expression is codominantly controlled by a single autosomal gene locus. A survey of CSA-positive strains among 40 inbred strains and six wild mouse stocks revealed several positive strains other than C3H (Kusakabe et al., manuscript in preparation). Therefore, this technical system opens many opportunities for the histological analysis of chimeras by aggregation and injection between those various CSA-positive and -negative strains.
In conclusion, the present immunohistological method for analysis of chimerism by use of a C3H-specific antibody will give us insightful information about dynamic histological changes, such as cell proliferation, migration, selection, and death, during development. The mouse experimental chimera has become a more attractive and essential tool for developmental analysis at the cellular and molecular levels.
